This review summarizes selected recent results obtained during investigation of whistler-mode chorus emissions in the Earth's magnetosphere. Special attention is paid to results published during the last five years, with a focus on the results of the CLUSTER project. The nonlinear nature of chorus emissions is demonstrated using both theoretical results and measurements. Selected areas of research on whistler-mode chorus are covered and the paper especially reports new results on substructure and amplitudes of chorus wave packets, on new observations of frequency differences of chorus wave packets at different points in space and on their possible interpretations, on results concerning determination of position and size of the source region of chorus, on recent observational and theoretical results which lead to improved description of propagation of chorus from its source, and, finally, on comparison of chorus measurements with corresponding values deduced from nonlinear theory and simulations.
Introduction
Chorus is one of the most intense natural wave emissions generated by plasma instabilities in the Earth's magnetosphere, observed first on the ground in the local morning hours (Storey, 1953; Helliwell, 1969) . It occurs in the frequency range from a few hundreds of Hertz to several kHz, with complex frequency spectra often containing many distinct nonlinear wave packets with changing frequency at time scales of a fraction of a second. These features resemble the sound of chirping birds in the morning, from where came the original name of "dawn chorus". As first described by Storey
Correspondence to: O. Santolík (ondrej.santolik@mff.cuni.cz) (1953) : "The sound of the 'dawn chorus' may be likened to that of a rookery heard from a distance."
The generation mechanism of chorus has been extensively investigated in the past (see reviews by Sazhin and Hayakawa, 1992; Omura et al., 1991) . It is now widely accepted that chorus is generated by a nonlinear process (e.g. Nunn et al., 1997; Trakhtengerts, 1999) which involves the electron cyclotron resonance of whistler-mode waves with energetic electrons in the Earth's magnetosphere (Andronov and Trakhtengerts, 1964; Kennel and Petschek, 1966) . However, important properties of the generation mechanism of chorus are not yet well understood.
Early satellite observations showed that chorus is usually observed outside of the plasmasphere (Gurnett and O'Brien, 1964) . Spacecraft measurements also confirmed the predominant occurrence of chorus during the local morning and day time (e.g. Burtis and Helliwell, 1976; Cornilleau-Wehrlin et al., 1978; Koons and Roeder, 1990) . This can be explained by the drift of the source population of electrons in the Earth's magnetic field from the magnetospheric tail earthward and toward the local morning.
Generation of a large class of chorus events takes place close to the geomagnetic equatorial plane (Burton and Holzer, 1974; Tsurutani and Smith, 1977; LeDocq et al., 1998; Lauben et al., 2002) , where the first derivative of the magnetic field strength along a geomagnetic field line is close to zero (Helliwell, 1967) . In the source region, two frequency bands of chorus have been observed (Tsurutani and Smith, 1974; Burtis and Helliwell, 1976; Goldstein and Tsurutani, 1984) , below and above one half of the local electron cyclotron frequency. These bands are separated by a narrow frequency interval of decreased intensity just below one half of the local electron cyclotron frequency. Emissions of equatorial chorus are often observed during periods of disturbed magnetospheric conditions Smith, 1974, 1977; Inan et al., 1992; Lauben et al., 1998; Meredith et al., 2001) , in association with anisotropic Published by Copernicus Publications on behalf of the European Geosciences Union and the American Geophysical Union.
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O. Santolík: Whistler-mode chorus emissions electrons at energies of 10-100 keV (Burton, 1976; Anderson and Maeda, 1977) Although chorus has been known for more than 50 years, it recently regained an increased attention in connection with the research on acceleration mechanisms of energetic electrons (Summers et al., 1998; Horne and Thorne, 1998) . Whistler-mode chorus is being considered as a local source of highly accelerated electrons in the outer Van Allen radiation belt (Meredith et al., 2001 (Meredith et al., , 2003a Horne et al., 2005; Demekhov et al., 2006; Chen et al., 2007; Horne, 2007) . These electrons can cause serious damage to spacecraft systems, and, if precipitated into the upper atmosphere, they can influence the atmospheric composition. Investigation of whistler-mode chorus could thus not only contribute to a basic understanding of our space environment, but also it could potentially have some practical consequences.
This review paper summarizes recent results obtained during investigation of whistler-mode chorus. The main focus is on selected experimental results published during the last five years, with a special attention to the results of the CLUSTER project and to results which demonstrate the nonlinear nature of chorus emissions. Sections 2 and 3 report on new results on amplitudes and fine structure of chorus wave packets, Sect. 4 presents new observations of frequency differences of chorus wave packets in different points in space and their interpretations, Sect. 5 refers to recent results on position and size of the source region of chorus, Sect. 6 summarizes observational and theoretical results on propagation of chorus from its source, and, finally, Sect. 7 reports on comparison of chorus measurements with corresponding values deduced from nonlinear theory and computer simulations.
Expected amplitudes of nonlinear chorus wave packets
Linear and quasi-linear approaches are often effectively used as a useful approximation for properties of wave-particle interactions connected with chorus, especially for the purpose of global modeling of radiation belt dynamics (e.g. Horne et al., 2005; Shprits et al., 2006 Shprits et al., , 2007 Summers et al., 2007a,b; Bortnik et al., 2008; Albert, 2008 , and references therein). However, the discrete structure of chorus wave packets strongly suggests that nonlinear effects are important for the microphysics of wave particle interactions (Omura et al., 1991) . Larger wave amplitudes could imply strong nonlinear effects (Nunn et al., 1997; Trakhtengerts, 1999) leading to an instability with a faster growth compared to the linear approximation. Omura and Summers (2004) showed, using electromagnetic particle simulations in a simplified model without including the spatial inhomogeneity of the terrestrial magnetic field B 0 , that whistler mode waves grow nonlinearly after they reached amplitudes of ≈3×10 −3 B 0 . The nonlinear saturation level which occurred at amplitudes of ≈2×10 −2 B 0 due to a combination of nonlinear trapping of resonant electrons and quasi-linear relaxation of the temperature anisotropy of the source population of relativistic electrons. Omura (2006, 2007) recently published results of an extensive simulation study using the electron hybrid model, where they included a strong spatial inhomogeneity of B 0 . They reported maximum amplitudes of chorus wave packets of the order of 10 −3 B 0 and important nonlinear currents contributing to wave growth and frequency drift. Omura and Summers (2006) found important nonlinear trapping of resonant particles at lower wave amplitudes of ≈10 −4 B 0 . This effect then leads to the formation of an electromagnetic electron hole in the velocity space. Omura et al. (2007) then showed that wave amplitudes of ≈6×10 −6 -6×10 −4 B 0 are sufficient for resonant trapping and acceleration of relativistic electrons to take place at different realistic distances from the geomagnetic equator. This "relativistic turning acceleration" then can lead to the energy increase whose maximum value is proportional to the wave amplitude of sufficiently long wave packets (≈1 s) of constant frequency. Nunn et al. (1997) used the Vlasov-hybrid simulation (VHS) method to reproduce observations of chorus wave packets by the Geotail spacecraft in the dayside magnetosphere. They found strong nonlinear currents and wave growth already for amplitudes of the order of 10 −5 B 0 , with the saturation level at 1.6×10 −3 B 0 for B 0 ≈100 nT. Nunn et al. (2005) used an improved VHS method for a simulation of whistler-mode wave packets triggered by a weak signal of 3×10 −7 B 0 for the magnetic field model at McIlwain's parameter L=4.4 (equatorial dipole B 0 ≈350 nT), and in a dense plasma with a number density n e =400 cm −3 . They again found that already a wave amplitude of 2×10 −5 B 0 gave a strongly nonlinear situation, with many trapping lengths fitting into the generation region of a wave packet with slowly rising frequency.
All the above mentioned theoretical studies supposed that the whistler-mode waves propagate with wave vectors close to the B 0 direction. Bell (1984 Bell ( , 1986 ) derived conditions of nonlinear trapping for waves with arbitrary wave-vector directions. He predicted that whistler-mode waves can, during their propagation through the magnetosphere, encounter one or several regions where the wave amplitudes required for trapping are minimum. The minimum amplitudes were again of the order of 10 −5 -10 −4 B 0 at L between 4 and 5.
Observed amplitudes and fine structure of chorus wave packets
Now, the question arises if these amplitudes (of the order of 10 −4 B 0 , or 20 to 50 pT at L=4-5) can really be observed in the naturally generated emissions of whistler-mode chorus.
The results of Cornilleau-Wehrlin et al. (1976) indicated that saturation amplitudes of chorus wave packets can reach this limit. Further systematic observations confirmed that in most cases the amplitudes of chorus emissions are indeed sufficiently high to be governed by nonlinear effects. Meredith et al. (2001) analyzed electric field measurements of the CRRES spacecraft and observed equatorial chorus with average amplitudes E w of the order of 1 mV/m during geomagnetic substorms. The plasma frequency f p has been estimated for these conditions from wave measurements, yielding the ratio to the electron cyclotron frequency f p /f c between 1 and 5 (Meredith et al., 2002) . This, using the cold plasma theory in the frequency range of lower-band chorus (f =0.1-0.5 f c ), gives the refractive index of parallel propagating whistler-mode waves,
yielding N between 2 and 16. The magnetic-field amplitudes of chorus can be then estimated from the Faraday's law, B w =E w N/c, supposing again propagation parallel to the magnetic field lines (c is the light speed). We thus obtain average B w of the order of 10-100 pT, corresponding also to results of Meredith et al. (2003b) where similar analysis of averaged amplitudes of whistler-mode waves is done for different levels of geomagnetic activity. However, the time resolution of these measurements is insufficient to resolve the separate wave packets of chorus and average amplitudes are calculated over time intervals corresponding to many characteristic durations of chorus wave packets, assuming their presence.
Investigation of the amplitudes of separate wave packets of chorus requires high-resolution measurements of wave electric or magnetic fields, such as those recorded by the Wideband data (WBD) instrument (Gurnett et al., 1997 onboard the CLUSTER spacecraft (Escoubet et al., 1997) . Fine structure of chorus waveforms has been investigated using measurements obtained during geomagnetic storms (Santolík et al., , 2004b . Analyzed wave packets appeared as rising discrete elements of lower-band chorus with the frequency drift of 10-20 kHz/s. The waveform of the measured electric field has shown an internal fine structure of each wave packet consisting of a sequence of separate subpackets. This effect could be explained by generation of frequency sidebands during the evolution of a chorus wave packet and by the beating effect of simultaneously present signals at closely separated frequencies (Nunn et al., 2005) .
Initial analysis of this fine structure has been done using a sine-wave parametric model with a variable amplitude . Some subpackets start with an exponential growth phase, and after reaching the saturation amplitude they can also sometimes show an exponential decay phase. The duration of subpackets is variable from a few milliseconds to a few tens of milliseconds (see Fig. 1 ). The growth rate of the initial linear phase can be highly variable from case to case. Typical values of imaginary part of the wave frequency thus vary between a few tens and a few hundreds of s −1 . The detected amplitudes of the subpackets reached more than 30 mV/m. Using a preliminary estimate of f p /f c ≈1.5 from the local plasma density measurements by the WHIS-PER instrument (Décréau et al., 2001) , these amplitudes approximately correspond to 300 pT (≈10 −3 B 0 ) for the magnetic component of chorus. Improved analysis (P. Décréau, private communication, 2007) gives f p /f c ≈2.4 and a somewhat higher estimate for magnetic amplitudes of ≈500 pT. Note, however, that the instrumental upper limit for amplitudes in that study was ≈39 mV/m and that many observed waveforms had peaks above that limit and could not be used in the analysis. Analysis of a large number of chorus wave packets (Santolík et al., 2004b) showed that the typical delay between the two neighboring maxima of the wave amplitude is a few milliseconds with a decreasing probability density toward longer delays. The subpackets with largest amplitudes were found embedded in the interior of the separate wave packets. This study also indicates that the highest amplitudes are rare and that most common amplitudes in the examined case ranged between a few mV/m to about 10 mV/m, corresponding to a few hundreds of pT (≈10 −3 B 0 ). Cattell et al. (2008) recently reported whistler-mode waves in the dawn-side outer radiation belt, with amplitudes up to the upper limit of detection (240 mV/m) of the S/WAVES instruments onboard the STEREO spacecraft. This is 6 times higher than the upper limit for measurement of electric field amplitudes by the WBD instrument onboard CLUSTER but, on the other hand, only waveforms with largest amplitudes were recorded on Stereo. A proper survey of wave amplitudes thus could not be done and, based on previous CLUS-TER results, it is probable that these high amplitudes are rare. Note that Cattell et al. (2008) did not interpret their observations as whistler-mode chorus although many observed characteristics are similar.
All these new results on amplitudes and fine structure of wave packets of chorus or whistler mode waves in general strongly suggest that nonlinear effects play an important role in microphysics governing the interactions of these waves with particle populations, including the energetic electrons from the outer Van Allen radiation belt. 4 Frequency differences of chorus wave packets observed by different spacecraft Gurnett et al. (2001) first reported unexpected frequency differences of ≈1 kHz between nearly identical discrete wave packets that were observed simultaneously by different CLUSTER spacecraft. Inan et al. (2004) and Platino et al. (2006) interpreted these observations by differential Doppler shift from rapidly moving elementary sources at speeds comparable to the parallel velocity of counter-streaming resonant electrons. This interpretation is based on the dependence of the whistler-mode refractive index on the angle between the wave vector and the static magnetic field and on the assumption of rapid motion of highly localized source regions of chorus moving at large speeds of thousands to tens of thousands km/s. Waves from the localized sources propagate to different spacecraft at different wave normal angles, and thus at different phase and group speeds and, as a consequence, the differential Doppler shift and time delay between the two spacecraft occurs. This results in differences in observed frequency, as well as the different times of arrival of the similar emissions at the different spacecraft. However, a realistic plasma physical interpretation of rapid motions of chorus source regions needs to be found.
Breneman et al. (2007) and Chum et al. (2007) proposed an alternative explanation based on their ray-tracing simulations of waves with different frequencies propagating from a localized source to different CLUSTER spacecraft. These different frequencies can compose a single chorus element in the source from which each spacecraft can only receive a limited frequency interval. have shown that some of the observed time and frequency shifts can result from limited accessibility of the spacecraft positions for whistler-mode waves emitted from a stationary source located close to the equatorial plane. In this paper, the position of the source region has been found using a reverse ray-tracing technique started from the observation points. Chum et al. (2007) tested the hypothesis of a source which emits waves in a relatively narrow interval of wave normal angles and that varies both the wave normal angle and frequency during the generation of a single chorus element. They demonstrated that the forward ray tracing simulation leads to patterns which are very similar to those observed. They also succeeded to simulate events with large time shifts between the corresponding elements observed on different spacecraft.
Several possible explanations thus exist at present and these theories wait for future experimental tests to be done.
Position and size of the chorus source region
Multi-point measurements of the CLUSTER mission resulted also in determination of the characteristic size of the sources of separate wave packets of chorus. For a favorable case when the separation distance of the CLUSTER spacecraft was only of the order of hundreds of km, chorus emissions were observed in their generation region close to the magnetic equatorial plane at a radial distance of 4.4 Earth's radii. Different spacecraft observed very similar wave packets of lower-band chorus below one half of the electron cyclotron frequency. Both linear and rank correlation analysis have been used Santolík et al., 2004a) to define perpendicular dimensions of the sources of these wave packets. Correlation was significant in the range of separation distances up to 260 km parallel to the field line and up to 100 km in the perpendicular plane. In this range, the correlation coefficient was independent of parallel separations, and decreased as a function of perpendicular separation. The characteristic perpendicular scale for decrease of the correlation coefficient varied between 60 and 200 km for different time intervals when the spacecraft measured inside the source region. This variation was consistent with the expected effect of random positions of locations at which the individual chorus wave packets were generated. Statistical properties of the observations were consistent with a model of the source region consisting of individual independent random sources emitting quasi-periodic series of wave packets. In this model, the wave power was radiated from the individual active areas with gaussian two-dimensional profiles having a common half-width of 35 km in the plane perpendicular to the magnetic field (Santolík et al., 2004a) . This characteristic scale was comparable to the wavelength of the observed whistler-mode waves.
Multi-point measurement of the Poynting flux by the STAFF-SA instruments onboard CLUSTER was used to investigate the position of the chorus source region (Parrot et al., 2003a; Santolík et al., 2004b Santolík et al., , 2005a . Observed spatio-temporal variations of the direction of the Poynting flux consistently showed that the central position of the chorus source fluctuates on time scales of minutes within 1000-2000 km of the geomagnetic equatorial plane. Estimates of the electromagnetic planarity were used to characterize the extent of the source region in the direction parallel to the field line, obtaining a range of 3000-5000 km (Santolík et al., 2004b (Santolík et al., , 2005a . The typical order of magnitude of the global speed of motion of the entire source region was 100 km/s, as determined from average propagation properties of several neighboring chorus wave packets.
Concerning the global extent of the chorus distribution in the plane of geomagnetic equator, new results have been obtained using the data of a similar STAFF/DWP instrument onboard the Double Star TC-1 spacecraft (Santolík et al., 2005b) . Radial variation of the intensity of whistler-mode emissions was investigated for the L parameter ranging between 4 and 12. The chorus events showed an increased intensity of the wave magnetic field at L above 6, consistent with intensifications of chorus which were previously observed by CLUSTER closer to the Earth at higher latitudes. This extends the radial distribution of chorus previously obtained by Meredith et al. (2003b) outward to higher L values into the region which GEOTAIL investigated (Nunn et al., 1997) . Parrot et al. (2003b) and Parrot et al. (2004) reported observations with a CLUSTER spacecraft of intense chorus waves that propagated away from the equator, and, at the same time, observations with another space-shifted CLUSTER spacecraft of much lower-intensity waves at the same frequencies propagating toward the equator.
Propagation of chorus from its source region
Using the observed wave normal directions of these waves, a backward ray tracing simulation predicted that the lowerintensity waves could have undergone the Lower Hybrid Resonance (LHR) reflection at low altitudes (Parrot et al., 2003b) . The rays of these waves then pointed back to their anticipated source region close to the geomagnetic equator. This source region was, however, located at a different radial distance compared to the place of observation. The intensity ratio between magnetic component of the waves coming directly from the equator and waves returning to the equator was between 0.005 and 0.01. The observations also showed that waves returning to the equator after the magnetospherical reflection still had a high degree of polarization, even if they started to lose the coherent structure of the chorus wave packets . Contradictory results have been presented by Bortnik et al. (2006) who used a ray tracing simulation together with a model of the electron distribution functions, and showed that chorus originating at the magnetic equator with wave normal angles set at the generalized Gendrin angle can propagate only to latitudes of 10-20 degrees. Using these particular initial parameters, they found that chorus emissions are typically Landau damped before experiencing magnetospheric reflections.
On the other hand, Chum and Santolík (2005) , Santolík et al. (2006) , and showed that chorus can indeed magnetospherically reflect. They also showed that chorus can propagate from the equator to low altitudes toward the Earth if it is generated with Earthward inclined (downward) wave vectors. This result can be used to explain observations of low-altitude electromagnetic ELF hiss at subauroral latitudes. Santolík et al. (2006) reported observations of a divergent propagation pattern of these waves: they propagate with downward directed wave vectors which are slightly equatorward inclined at lower magnetic latitudes and slightly poleward inclined at higher latitudes. Reverse ray tracing with different plasma density models indicated a possible source near the geomagnetic equator at a radial distance between 5 and 7 Earth radii, and a generation mechanism acting on highly oblique wave vectors. Additionally, waveforms received at altitudes of 700-1200 km by the Freja and DEMETER spacecraft showed that low-altitude ELF hiss contains discrete frequency-time structures resembling wave packets of whistler mode chorus. Detailed measurements of the CLUSTER spacecraft indicated that the frequency-time structure and frequencies of chorus observed by CLUSTER along the reverse ray-paths of ELF hiss are consistent with the hypothesis that the ELF hiss is a low-altitude manifestation of whistler-mode chorus.
These ray paths have been also successfully simulated by the direct ray tracing method of Chum and Santolík (2005) , for a source emitting with oblique and Earthward directed wave vectors. This paper also contains the first published description of a class of ray paths which penetrate from the chorus source region through the plasmapause density gradient into the plasmasphere (see Fig. 2 ). Importantly enough, Chum and Santolík (2005) also discovered that the wave-normal angles of these waves never get close to the whistler-mode resonance cone during their propagation from the source. This means that the wave refractive index stays low and that we cannot expect any important effect of Landau damping. Moreover, the wave normals are nearly fieldaligned when the waves again cross the equator inside the plasmasphere which is consistent with the observed wavenormals of plasmaspheric hiss and which makes possible further amplification of these waves (e.g. Solomon et al., 1988; .
As noted by Chum and Santolík (2005) , and Santolík et al. (2006) , Earthward propagating chorus can thus be considered as a possible additional candidate for the embryonic source of plasmaspheric hiss. Sonwalkar and Inan (1989) , and recently Green et al. (2005) have presented evidence 626 O. Santolík: Whistler-mode chorus emissions on lightning-induced whistlers as the embryonic source of plasmaspheric hiss. Equatorward reflected ELF hiss which is most probably related to chorus emissions might represent another simultaneously acting embryonic source. Dependence of plasmaspheric hiss on the substorm activity, reported by Meredith et al. (2004) , could be in favor of this chorus-related embryonic source. The original results of Chum and Santolík (2005) were reproduced and confirmed by a recent study of Bortnik et al. (2008) who obtained the same effect and who verified that there indeed is no substantial damping of waves during propagation from the chorus source into the plasmasphere.
Comparison of observations with nonlinear theory
The above described results of the CLUSTER project provide an important feedback for theories describing the chorus generation mechanism. Demekhov et al. (2003) compared the growth rates of whistler-mode wave packets obtained by the backward wave oscillator (BWO) theory (Trakhtengerts, 1995 (Trakhtengerts, , 1999 Trakhtengerts and Rycroft, 2000) with observations of and came to the conclusion that the observed range of growth rates (34-420 s −1 ) can be matched by the theory using reasonable fluxes of resonant electrons.
Properties of the observed chorus emissions are compared by Trakhtengerts et al. (2004) with the theoretical properties of the BWO mechanism. According to this theory, a succession of whistler wave packets is generated in a nearequatorial source region with temporal and spatial characteristics close to those observed by the four CLUSTER spacecraft. Amplitudes and frequency spectra of chorus, as well as dynamical features of the Poynting flux, are estimated and compared with the CLUSTER measurements. A good agreement is found for the observed and predicted lengths of the generation region measured along the magnetic field lines, characteristic periods of succession and global frequencytime slopes of chorus wave packets, growth rates of the substructure, and for saturation wave amplitudes. The nonlinear stage of chorus generation is determined by trapping of resonant energetic electrons that leads to formation of a sideband wave at a time scale between 6 and 60 ms, as calculated for the observed plasma parameters. Therefore, a temporal modulation in wave amplitude can be expected, as confirmed by the results shown above in Sect. 3. Trakhtengerts et al. (2007) investigated frequencies of individual chorus wave packets close to the geomagnetic equator in the frame of the BWO theory. This model predicts that the frequency of chorus is determined by the parallel (with respect to the field line) velocity of a step-like deformation in the distribution function of resonant electrons. This velocity decreases during the generation of a chorus wave packet. At the same time, the electrons move through the generation region in the opposite direction to the wave group velocity. The highest frequencies of rising chorus wave packets are therefore generated by lower-energy resonant electrons which are leaving the source, but in the initial part of the wave path through the generation region. Lower frequencies should be consequently generated when the wave packets propagate to the other side of the chorus source. Since the wave packets can be generated with both signs of parallel component of the group velocity, the outer regions of the chorus source should contain both narrow-bandwidth wave packets at the highest frequencies and full-bandwidth packets, but only the higherfrequency parts of chorus wave packets should be observed well inside the source region. These predictions of the BWO theory have been successfully compared with the data of the WBD instrument onboard CLUSTER. The observations indicate that lower frequencies disappear when the spacecraft moved closer to the geomagnetic equator where we expect to find the average center of the source region. Santolík et al. (2008) related the frequencies of chorus wave packets to the central position of chorus source region obtained from the Poynting flux measurements onboard CLUSTER. The results confirmed the conclusions of Trakhtengerts et al. (2007) .
The simulation study of Katoh and Omura (2006) tested the model of resonant currents formed by nonlinearly trapped resonant electrons by waves propagating in the inhomogeneous background magnetic field (Nunn, 1974) . Katoh and Omura (2006) used the Electron Hybrid Model where the background cold electrons are treated as a fluid while energetic electrons are treated as relativistic particles. They succeeded to reproduce a coherent emission with a rising tone triggered by an intense constant frequency wave pulse with an amplitude of ≈5×10 −4 B 0 . Using a highly anisotropic loss cone distribution of resonant electrons, Katoh and were able to reproduce realistic chorus elements by the same simulation method but starting the simulation with the thermal noise, without using the strong coherent triggering signal. They succeeded to simulate wave packets with sweep rates of ≈9 kHz/s, approximately corresponding to observations of for similar plasma densities. The maximum reported linear growth rate of 230 s −1 and the simulated amplitudes of chorus wave packets (10 −4 B 0 ≈500 pT) also correspond to the observations, as reported above in Sect. 3. Nunn et al. (2008) 1 present new results obtained using a Vlasov Hybrid Simulation (VHS) code to simulate the dynamical spectra of chorus. The results compare well to the observations of the CLUSTER mission. The simulation, following the theory of Nunn (1974) , predicts the nonlinear resonant current, with a component in phase with the electric field that gives the power input to the wave field, and with a component in phase with the wave magnetic field that induces the sweeping frequency. The obtained sweep rates in the range 1-10 kHz/s well match the observations. The sweep rate is also, in agreement with observations, found to increase as the background plasma density decreases, leading to the conclusion that the nonlinear electron cyclotron resonance is the generation mechanism of chorus emissions.
Conclusions
During the last several years, emissions of whistler-mode chorus are receiving an increased attention. The main reason for this increased interest is connected with radiation belt physics and modeling, where investigation of chorus can play a role in understanding mechanisms of local acceleration of energetic electrons in the outer electron Van Allen radiation belts.
Due to this recent increase of publication activity, it is difficult to cover entirely the subject of new observational and theoretical results on whistler-mode chorus in a single review paper. Instead, the present review only summarizes selected results published during the last five years. Selection of the results discussed has been mainly based on the analysis of measurements of the CLUSTER spacecraft to show the results demonstrating the nonlinear nature of chorus emissions.
Although the experimental results are the main focus of this review, new theoretical and simulation results have also been extensively discussed here, mainly in connection with nonlinear effects on substructure and amplitudes of chorus wave packets. A special section has also been devoted to papers allowing comparison of chorus measurements with corresponding values deduced from nonlinear theory and simulations where new promising directions arise. However, many new results, mainly concerning the radiation belt dynamics, have been omitted or only briefly mentioned. This fast evolving domain of global modeling of radiation belt dynamics starts to show the need for solid data on both the properties and effects of whistler-mode chorus. Proper knowledge of these properties is hardly possible without investigations of the microphysics of nonlinear interactions of chorus waves with energetic electrons.
Besides the fact that many new results on chorus have recently appeared, there are still many unknowns in our understanding of source mechanisms and effects of this dynamical nonlinear phenomenon. In the near future, new developments of nonlinear theory and electromagnetic simulation techniques based on particle and Vlasov codes can be expected, as well as their continuing tests against experimental data. New experimental results can be expected in determining the propagation characteristics of chorus wave packets, further analysis of their amplitudes and fine structure, in experimental investigations of wave-particle interactions, and in systematic investigations based on the increasing volumes of experimental data on whistler-mode chorus emissions.
